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Introduction
Since its invention in 60 years ago, the semiconductor laser has become an integral part of our daily lives. One of its important applications is microwave photonics (MWP) [1] [2] [3] [4] [5] which combines the merits from the radio-frequency engineering and optoelectronic devices. Many MWP researches in which the semiconductor lasers were heavily involved have been published: broadband wireless access network [4, 6] , chaotic wave generation [7] , resonant frequency enhancement [8, 9] and all optical clock recovery [10] etc. The roles of semiconductor lasers in these experiments were usually the sources of microwave signals via mechanisms such as optical heterodyne, self-pulsation, or external modulation [4] . In these mechanisms, optical heterodyne which mixes two different wavelengths of photons to generate the differential microwave frequency is the most popular choice due to its simplicity. Discrete laser modules (tunable or non-tunable) were first applied in the system level to utilize this effect [1, 11, 12] . In these schemes, large system setup and various independent optical components were necessary to achieve the required performance. Other methods such as integrated erbium doped fiber gratings to achieve the dual-wavelength operation and the microwave generation were also proposed and demonstrated [13, 14] . As the optoelectronic devices quickly evolved into integrated circuit scale, so did the MWP related devices. The microwave generation of a two-section distributed feedback laser was first proposed and demonstrated in the 1990s [10, [15] [16] [17] . Meanwhile the Y-branch design to combine two lasers also showed great progress [6, 18, 19] . In recent years, more sophisticated photonic integrated circuitry (PIC) has been applied to the microwave generation as well [20] [21] [22] [23] [24] [25] [26] . Compared to Y-branch or the PIC design, the two-section (or multiple-section) lasers are much easier to fabricate without extra epitaxial regrowth which can reduce the device yield. However, the in-line architecture of the two-section lasers inherently has optical fields of lasers strongly interfering with each other, and thus increases the complexity of the microwave operation. Many two-section devices relied on either strong grating strength or gain-coupled grating to obtain suitable microwave signals [10, 15, 16] . Previously, we reported a design to incorporate nano-scale distributed Bragg reflector (DBR) into the two-section DFB lasers to achieve continuous frequency tuning of microwave signals up to 25GHz [27] . In our prior work, most of the microwave signals were generated due to the four-wave mixing effect caused by nonlinear refractive index change in the laser gain medium [28] . In this paper, a detailed investigation on the operation of such devices is performed. The combination of different driving currents was fully tested and corresponding optical and microwave behaviors are analyzed. Different regimes of operations can be mapped and we could identify suitable driving currents for different applications. 
Device fabrication
The device was grown on a n-type InP substrate by metalorganic chemical vapour deposition (MOCVD) technique. A grating designed for 1550nm was first patterned by E-beam lithography. The active region is formed by multiple InGaAsP quantum wells. Mesa-etch and subsequent epitaxial re-growth were performed to create the buried heterostructure. The wafer was then underwent regular semiconductor processes to construct the ridge waveguide and p-type electrical contacts. The finished sample was thinned down for n-type backside contact and bar/chip cleaving and suitable ceramic submounts were used for die-attachment. The detailed device fabrication was described previously [27, 29] .
After the regular semiconductor processes, the final stage of the fabrication is the nano-scale focused ion beam (FIB) etch to form the DBR section. This step was done by a FEI Nova 200 system equipped with the 30 keV Ga atom as the etching source. The chamber pressure is around 7.5 × 10 −6 torr. The etch rate was controlled by the monitoring current and tuned to be around 0.3 μm/min.
One of the important components in this integrated chip is the DBR structure. The role of the DBR section in our chip is three-fold: the first is to provide an electrical isolation between two lasers via cutting through the p-type layer; the second is to provide a highly-reflective facet which can ensure the single mode operation in a DFB laser; and the third is to provide suitable optical coupling into the other laser. The air gap and semiconductor arrangement can provide a dramatic change of refractive index, which can reflect the photons very efficiently. Therefore, high reflectivity can be expected from very few pairs of DBR. From the calculation combined with effective index method and transmission matrix, a 99.97% reflectivity can be achieved by 3.5 pairs of DBR. However, the devices with 3.5 or fewer pairs of DBR tend to be multi-mode and the actual measurements of the injected intensities among 4.5 or more pairs of DBR structures stay almost the same and this phenomenon indicates that the reflectivity saturates after 4.5 pairs. The central wavelength of the DBR is the same with the DFB gratings (1550nm) and since the bandwidth of such structure is very wide (about 100nm or more), a 10% departure from the designated wavelength will not hurt the device [27] .
On the completed device, as shown in Fig. 1 , two DFB lasers are separated by a DBR section which plays the role of both mirror and optical coupler. The deep air trench (around 5 to 6 μm) of DBR section ensures the electrical isolation. The cavity length of the DFB laser is 300 μm while the DBR section is 20 μm. To obtain high reflectivity for individual DFB lasers, 6.5 pairs of air/semiconductor DBR structure were etched. The DBR is designed with 3/4λ( = 1162nm) for air trench width and 5/4λ( = 584nm) for semiconductor width, and the designated wavelength (λ) is 1550nm. When all the processes are finished, the facet on the DBR side has a high reflectance, and the other uncoated facet has a much lower, native Fresnel reflectance of air/InP. Such asymmetric reflecting powers between two facets of individual DFB lasers can produce a single longitudinal mode operation across most of the driving currents with much greater yield. 
Operational principle
From Fig. 1 , we denote the DFB laser at the output facet as the slave laser and the other one as the master laser. Traditionally, the master laser provides the injection signal while the slave laser receives this injection power. This nomenclature comes from the injection locking scheme where the slave laser is controlled by the injection of the master laser. However, due to the monolithic nature of this chip, these two lasers are mutually coupled, i.e. the light from one laser can inject into the other one and vice versa, such that the names (slave and master lasers) are just for the purpose to distinguish between the output side (slave) and backside (master) components of the chip, and the output signal is always taken from the front facet of the slave laser. When two monochromatic photons meet in the resonant cavity of the slave laser, many scenarios could happen. One of them is the weakly injection case in which the two wavelengths of photons co-exist in the same cavity and the carrier modulation due to this mixed optical field induces the refractive index changes, and a resulting four-wave-mixing output can be expected [28, 30] . When this mixed optical signal hits the high-speed photodetector, the resultant electrical output will be in the differential frequency of the two colors of photons, called detuning frequency Δf, and can be written as:
where c is the speed of light, λ master and λ slave are the emission wavelengths of the master and slave lasers, respectively. Figure 2 shows the simplified operational principle of our devices. When a DFB laser operated above its threshold, one specific driving current to the laser corresponds to one emission wavelength. In our integrated chip, two cases can be discussed here: the first one is when the master laser emission peak is on the shorter wavelength side. The current of the slave laser (I slave ) is kept the same and we turn up the current of the master laser (I master ) to make its emission peak approach the slave laser's. On the optical spectrum, the FWM peak rises due to the four-wave-mixing effect mentioned earlier, and it locates at the same detuning frequency Δf from the slave lasers peak but on the other side. As the I master keeps increasing, the peak wavelength of the master laser red-shifts and the Δf reduces until the master laser emission peak coincides with the slave laser's. From the microwave spectrum, the differential frequency Δf can be seen moving towards zero as the I master increases. In the second case, the emission peak of the master laser is on the longer wavelength side and moves away from the slave laser's. This situation will produce a similar FWM peak in the optical domain and the signal in the microwave spectrum. However, when I master goes up, the gap between the two laser's peak keeps growing and so does the FWM signal. On the microwave spectrum, the RF signal now moves towards the high frequency from the zero point until the detection limit or the FWM effect diminished.
Depending on the wavelengths at low driving currents, we could have both cases on the same device or just one of them. The former situation is useful for laser dynamic analysis since both positive and negative Δf can be produced, while the latter condition might be preferable for microwave carrier generation because of the extended Δf range at the same current span.
In any cases, the combination of different driving currents of the two lasers represents possibilities of different generated microwave signal, and with this feature, a wide-range electrically tunable microwave source can be realized. Fig. 3 . Measurement setup for both microwave and optical spectrum. Suitable in-line isolators were used in the connecting optical fibers to prevent from back scattering.
Device characterization
The individual device characteristics was first tested by a DC current driver and a broadband photodetector. A threshold current of 6 to 10mA was found in most of devices. Devices with side mode suppression ratio (SMSR) better than 40dB can also be selected from different sections of wafers. The purity of the optical mode in the laser is essential for the device to work in the microwave generation. Both electrical and optical characteristics are similar to the devices presented before [29] . To test the two-section lasers in action, a three-probe station is necessary and we use an angled-cleaved fiber for efficient light coupling. An erbium-doped fiber amplifier (EDFA) is used for boosting the overall optical signal before it enters an 1 by 2 splitter.
After the splitter, the photons are fed into either optical spectrum analyzer or a u2t 50GHz photodetector (PD). The output of the highspeed PD is fed into an Agilent N9030A PXA signal analyzer for RF spectrum. The whole setup is illustrated in Fig. 3 .
The complete measurements of the integrated lasers include the optical and microwave spectrum. With the weakly injection stemming from the high reflectivity of DBR section, the locking between the master and slave laser is not strong, and the locking range is limited [8, 31, 32] . However, outside of this injection locked zone, a wide range of FWM operation can be expected [8, 12, 33] . For the optical spectrum, a typical four-wave-mixing pattern, as shown in Fig. 4 , can be observed across a wide range of pumping currents. Depending on the relative location of emission wavelengths between the slave and master laser, both cases shown in Fig. 2 are found in our devices. One typical situation in Fig. 4 is that the emission wavelength of the master laser at the low driving current is shorter than the slave laser's, and it sweeps across the slave laser's peak as we increase the driving current of the master laser. In this condition, both positive and negative detuning frequency (Δf) can be found. The slave laser's peak red-shifts slightly due to the rising temperature brought by the increased I master , but this red-shifting rate is slower than the master laser's such that the master laser's peak catches up eventually. We could visualize these variations by putting all of the optical spectrum under different I master together in a contour plot in Fig. 5 . In this figure, the slave laser is constantly driven at 50mA while the current of the master laser varies from 16mA to 80mA. The peak of the master laser moves much faster (dash-dot line) and catches up with the slave laser's (white dash line). A notch of the slave laser's trace is observed around I master = 38mA, indicating a possible injection locking of this device, in which the slave laser's emission peak is pulled to the master laser's. But this injection locking range is narrow in our case, so the two peaks deviate from each other shortly after I master = 40mA. The separation between the slave and master laser's emission produces the signal at difference frequency according to Eq. (1) and can be explained in the following paragraph. Fig. 5 . The collection of optical spectrum of the two-section DFB lasers at I slave = 50mA and various I master . The color bar represents the relative intensity measured in dBm, and the white dash line marks the trace of the emission peak of the slave laser. The dash-dot line is from the peak of the master laser and the dot line is the FWM signal. Other than optical spectrum, the RF electrical spectrum of the device was also taken. The output photocurrent of the highspeed PD in Fig. 3 can carry the beat signal of the two lasers' photons. As mentioned in the previous section, this beat note can be tuned by changing the driving current of the lasers. Figure 6 (a) shows a series of single-mode RF spectrum at various combinations of I master and I slave . When the slave laser's current is fixed and the master laser's is changing, different dynamic behaviors can be observed. The RF signal starts with single mode when the wavelengths of the two lasers are far apart, and evolve into multiple mode, period-one (P1) state, period-two (P2) state, and chaos mode when the wavelengths are getting closer as we increase the I master . In Fig. 6(b) , the gradual development of the RF signals under different master laser current is demonstrated. At I_master = 38mA, the RF signal shows a multimode spectrum. Then at 40mA of master current, the strong peak at relaxation resonant frequency (f r is around 10 GHz by the measurement for this type of device [34] ) indicates the device entering P1 state [35] . As the I_master keeps increasing, a second peak at 5GHz can be seen at 42 and 44mA, and the device enters the P2 state [35] . Once the current increases to 46mA, the RF spectrum shows the pattern with broad-band, multiple peaks, and the disappearance of the signatures of f r and f r /2 peaks, suggesting the device is in chaotic condition [35] . When I master is further increased, the two lasers will be untangled again and the single mode spectrum can be expected. Even though the electrical spectrum is spiky during the locked or chaos condition, the actual coverage of the single mode operation is still wide according to our complete mapping. Linewidth of single mode signal is acquired by fitting the data with the Lorentzian function, and a value of 2.22MHz is extracted. This full-width at half maximum is close to what we reported before (1.99MHz) [29] based on the same type of device and this variation could result from the differences between devices. From Fig. 6(b) , a side mode suppression ratio of 29.8dB can be obtained. This linewidth stems from the convolution of the two lineshapes of the lasers, and thus becomes the summation of the linewidths of the two lasers. To further reduce this linewidth to kHz regime, a longer resonant cavity with weak DFB grating strength can be a good solution [36] . Other choice will be using an extra optical feedback mechanism to crop the linewidth to 10kHz or below [37, 38] . Another method is to modulate one of the lasers to have side-band injection-locking achieved [39] . However, due to the mutual-injection nature of our device, this effect might be complicated, and need to be seriously analyzed first. On the measurement setup side, improvements of current stability and precise temperature control can also reduce the frequency noise and thus the linewidth. 
RF dynamic behavior mapping at different current combination
As we could see from the previous section, the resultant RF signals from the dual-wavelength DFB laser can be very complex and a thorough investigation on all the possible patterns will be necessary for engineering purposes. Previously, the RF dynamic behavior of an optically injection-locked laser was carefully studied with independently-driven, discrete components [30, 40, 41] . Under this circumstance, the injection power and the separation of emission wavelength can be willingly changed to explore different regimes of operations. However, in an integrated chip, this is not easy to implement, and we have to examine the problem at a different angle: from the current combination of the master and slave lasers. These are the knobs that can be tuned during the experiments. By different driving currents of master and slave lasers, both the external injected power and the emission wavelength are varied, and their combined optical and microwave spectrum are recorded. The testing grid was made by a 33 × 33 matrix of current combination sweeping from 16mA to 80mA with a 2mA increment on each laser. Figure 7 shows both the peak RF frequency and its peak power intensity in dBm. From the plots, a sharp change occurs at both high I slave /low I master and low I slave /high I master cases due to the limitation on the PD frequency response (up to 50GHz at most).
As shown in previous section, comparison between the RF and optical spectrum at the same current level can reveal the type of dynamic behaviors in the slave laser. Single and multiple peaks can be found at high-frequency cases when the injection is weak and the slave laser is in FWM state. When two laser's emission peaks are close to each other, injection locking, P1, P2, and chaos can be expected [42] . To distinguish among these different modes (multi-mode, P1, P2, chaos), the frequency of the main peak is very important. Between zero and relaxation resonant frequency (f r ), the RF signal can be categorized as in P1 or P2 or chaotic state. Once the main peak frequency goes beyond f r , only single or multi-mode will be recorded for the signal pattern because the two lasers' wavelengths are now far apart. Within the f r range, the P1 state can be detected by a strong single peak at f r and this peak usually does not change its location even when the driving current is slightly changed. The P2 state can also be easily identified when there are at least two main peaks appearing at f r and f r /2 [35] . When the RF signal starts evolving into multiple peaks and broad-band pattern, then we could suggest the device is now into the chaotic mode. By using these criteria, we could build the dynamic behavior map shown in Fig. 8 . In the diagonal direction of Fig. 8 , where the two lasers have similar emission wavelengths, more vibrant changes of the operations are observed, and the chaotic pattern takes a large portion.
Needless to say, the random peaks in the RF spectrum due to chaos are not welcomed in microwave carrier generation. However, the P1 mode, in which a more stable peak at resonant frequency (f r ) is generated, is possible for optical clock recovery. The most anticipated behavior should still be the single mode operation which can be useful for many applications. Between Fig. 7 and Fig. 8 , the range of single mode and their output RF powers can be mapped directly. A continuous distribution of single mode operation is possible from 15GHz all the way to 50GHz. Although the PD cannot detect the signal beyond 50GHz, we could calculate the largest wavelength separation (thus the RF frequency) with FWM effect on the optical spectrum, and the value come up with 70GHz. With Fig. 8 available, any engineer can pick up the right combination of the I slave and I master to generate the desired RF signals in terms of frequencies and powers. The finished map is definitely very different from what was shown before [42, 43] . The main reason is because different variables, i.e. the laser driving currents, are used to record this map. Our chip is monolithically integrated such that it is not possible to independently tune the injected power and detuning frequencies. On our chip, the wavelength always move to longer side as the driving increases and the injected power also increases with the same direction. So at some current combinations, the same detuning frequency and the injected to free-running power ratio is repeated inevitably, which will in turns make our map look differently. Another constraint in our map is the precision of our current source. Every mA up or down means a 2.5GHz change in our lasers. So any fine structures shown in previously-reported dynamic maps could be bypassed due to this reason.
Laser parameter extraction
When the slave laser is in FWM state, valuable laser parameters can be extracted from the optical and microwave measurement [28, 30, 43, 44] , and the related formula have been developed long time ago. From the optical spectrum, three distinctive peaks can usually be identified: main, regenerated, and four-wave-mixing peaks. The main peak is from the original slave laser, the regenerated peak comes from the master laser's photon, and the FWM peak is generated by the saturation-induced refractive index variation effect inside the cavity [28, 30] . From the optical spectrum, the power intensity ratio between the FWM peak and the master laser's peak can be expressed as [30] : and the RF behavior will be demonstrated if the laser is single-mode. So from this point of view, to have a solid microwave generator, our device must equip with at least 4.5 pairs of DBR and the RF tuning range is between 50GHz to 70GHz. Fig. 9 . The measured (blue dots) and fitted (red lines) results of (a) the power ratio of FWM and regenerative amplified peak; (b) RF power; both at the I slave = 58mA, and I master = 16 to 80mA. The frequency detuning is used as the variable. When the detuning diminishes towards zero, the strong chaotic behavior of the laser cause the spreading of the experimental data. Table 1 .
Conclusion
In summary, we demonstrated a full dynamic behavior map of a monolithic dual-wavelength DFB laser suitable for microwave generation. The nano-scale DBR structure was inserted between the two DFB lasers to create a weak coupling while maintaining single mode operation of lasers. According to different driving current combination, the RF output of the device can exhibit single mode, multiple mode or even chaos patterns. The detailed map can be a very useful tool for engineers to apply such device for microwave carrier generation. A wide and continuous range of single mode from 15GHz up to 50GHz is realized via various combinations of I slave and I master . A further investigation reveals the inherent laser parameters from the optical and microwave measurement of the device. The resonant frequency of 8.96 GHz and the linewidth enhancement factor of 7.7 are obtained. The single mode RF spectrum was also examined in details and the linewidth of 2.22MHz is found. We believe this kind of device can provide a small-footprint and energy-efficient choice for the future microwave systems. 
